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ABSTRACT 

We present a study of spectral properties of galaxies in underdense large-scale structures, voids. Our void 
galaxy sample (75,939 galaxies) is selected from the Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7) 
with z < 0.107. We find that there are no significant differences in the luminosities, stellar masses, stellar 
populations, and specific star formation rates between void galaxies of specific spectral types and their wall 
counterparts. However, the fraction of star-forming galaxies in voids is significantly higher (> 9%) than that 
in walls. Void galaxies, when considering all spectral types, are slightly fainter, less massive, have younger 
stellar populations and of higher specific star formation rates than wall galaxies. These minor differences are 
totally caused by the higher fraction of st ar-forming galaxies in voids. We confirm that AGNs exist in voids, 
already found by iConstantin et al.l (120081) . with similar abundance as in walls. Type I AGNs contribute ~ 
l%-2% of void galaxies, similar to their fraction in walls. The intrinsic [O III] luminosities , spanning over 
10'’ Lq ~ 10^ Lq, and Eddington ratios are similar comparing our void AGNs versus wall AGNs. Small scale 
statistics show that all spectral types of void galaxies are less clustered than their counterparts in walls. Major 
merger may not be the dominant trigger of black hole accretion in the luminosity range we probe. Our study 
implies that the growth of black holes relies weakly on large scale structures. 

Subject headings: galaxies — AGN, voids — spectral properties 


1. INTRODUCTION 

The distribution of galaxies has its large-scale structures. 
The universe appears as a collection of giant bubble-like 
voids separated by filaments of galaxies, with the superclus¬ 
ters appearing as occasional relatively dense nodes. Voids 
are the vast empty spaces with a median effective radius 
of 17 /i~' Mpc , which contain very few, or no, galaxies 
(iPan et al.ll2012h . They were first discovered in 1978 dur¬ 
ing a pioneering study at the K itt Peak National Observa¬ 
tory (iGregorv & Thompsonll978h . The low density makes the 
galaxies less likely to “see” or “greet” with each other. With 
few interactions between galaxies, the underdense universe 
provides a unique laboratory for studying galaxy formation. 

Redshift surveys of galaxies enable us to map the uni¬ 
verse in three dimensional space. Spectral and photomet¬ 
ric analyses of void galaxies in the SDSS DR2 and DR4 
samples indicate that void galaxies are bluer, of later type 
morphologies, and have higher spec ific star formation rates 
than galax i es in denser environments ( Rojas_et_alj2004 2005; 
Park et al.l 120071 iHovle et ^ 120121 Constantin et al.l 2008 : 
Ricciardelli et al lf2014l) . Despite some clear trends, contro¬ 
versy persists in the literature as to whether or not galaxies 
in voids differ in t heir internal propert ies from similar objects 
in denser regions. iHovle et al.l (l2005h studied the luminosity 
functio n for ^ 1000 void galaxies generated by iRoias et al.l 
(120041) from SDSS DR2. They found galaxies located in less 
dense regions shift to fainter exponential cut-off (M* = 1.1 
mag) but no evidence for a change in the faint-end slope be- 
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tween voi d s and walls. Different form IHovle et^ (120051) . 
iPark et akl (120071) found that the faint-end (measured only 
down to Mr = - 18.5) slope varies significantly with density. 
iPan et akl (120121) selected a much larger void galaxy catalog 
(^ 10^) from SDSS DR7 enabling us to study the spectral 
properties with higher statistical level and to have a better idea 
of the possible controversy among previous results of void 
galaxies. 

There are numerous studies address the relation between 
AGNs and the overdense larg e scale structures - th e galax y 
clusters, as summarized in I Alexunder&_Hickotd (120121) . 
iMartini et al.l (120061 12009h and lEastman et alJ (120071) found 
that in the low redshift universe (z < 1.3), AGNs are less 
common in the clusters than in the f ields. Contrary to the 
nearby universe, iLehmer et al.1 (l2009h studied a protocluster 
at the redshift about 3.1 with the result that the AGN fraction 
in the protocluster is 6 times higher than that in fields. At 
high redshift, the cold gas supply is more sufficient for AGNs 
in clusters than in fields. As the clusters virialise, cold gas 
are heated and can not be accreted efficiently to feed central 
black hole. Thus galactic activity in the clusters gradually 
shut down. However, these studies only compared overdense 
environments with fields. Studies of the occurrence rate of 
AGNs in less dense regions would therefore be an important 
complement to better understand the triggering mechanism of 
A GNs. 

IConstantin et al.1 (120081) studied the ^ 1000 magn itude- 
limited void galaxies selected by iRojas et aP (120041) from 
SDSS DR2. They found that AGNs are common in voids, 
but their occurrence rate and spectral properties are different 
from those in walls. AGNs are more common in voids, which 
is mainly caused by the higher fraction of LINER IIs in voids, 
but only among moderately luminous and massive galaxies. 
Seyfert IIs are equally abundant in void regions and in wall 
regions. Void AGNs hosted by moderately luminous and mas¬ 
sive galaxies are accreting at equal or lower rates than their 
wall counterparts, show lower levels of obscuration than in 
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walls, and have similarly aged stellar populations. However, 
their sample size is too small to give out statistically signifi¬ 
cant conclusions. There are only 13 Seyferts and 20 LINERs 
in their ^ 1000 void galaxy sample. When these AGNs are 
bined according to their r-band absolute magnitudes for their 
study, the numbers of galaxies that fall into each bin are even 
smaller. 

In this paper, by using the by far largest void galaxy cata¬ 
log (iPan et alJl2012h . our goal is to explore how galaxies and, 
in particular, AGNs are affected by large and small scale en¬ 
vironment of galaxies. Section |2] describes the data we use 
to carry out our study, including the selection method of our 
void galaxy sample and the classification of galaxies. In Sec¬ 
tional we present the spectral properties of galaxies and com¬ 
pare how void galaxies differ from their field counterparts. 
Section |4] discusses the environmental effects on galaxy for¬ 
mation. We summarize our major results in Section|5] 


2. THE DATA 

2.1. The Void Galaxy Sample And The Wall Galaxy Sample 

Our analysis are based on the void galaxy catal og gener- 
ated from the SDSS DR7 Main Galaxy Sample by iPan et alJ 
dloTl) . The SDSS (lYorket al.ll200(ll) is an imaging and spec¬ 
troscopic survey using a dedicated 2.5 m telescope at Apache 
Point, New Mexico. TTie survey maps one quarter of the entir e 
northern sky. Data Release 7 (DR7) (lAbazaiian et al.ll2009h . 
the seventh major data release of SDSS, covers 8200 square 
degrees and includes 1,640,960 spectra in total. Among them, 
929,555 are galaxies and 121,373 are quasars. These targets 
are selec ted from the imaging data via various targ et selection 
criteria (IStrauss et~n]120021 iRichards et al.ll2002i) . In partic¬ 
ular, the Main Galaxy Sample has a limit of the r-band Pet- 
r osian magn it ude at r= 11.11. 

iPan et al.l j2012h us ed the VoidPinder developed by 
[Ho^le_&^^gde^ ( 2002), which is a galaxy-based void finder 
(IColberg et alJl2008ll . They start their void-finding process by 
identifying void galaxy candidates. All volume-limited galax¬ 
ies {Mr < -20.09, z < 0.107) with a third nearest neighbor 
distance d 3 > 6.3 h“'Mpc are considered to be potential void 
galaxies and are removed from the total galaxy sample. Only 
wall galaxies that live in the cosmic filaments and clusters 
remain. Then these wall galaxies are gridded up in cells of 
5 h“*Mpc, allowing them to find voids larger than 8.5 h“'Mpc 
in radius. All empty cells are considered to be the centers 
of potential voids and are grown until bounded by four wall 
galaxies, reaching maximal spheres. The empty spheres are 
sorted by descending order of their sizes. The largest empty 
sphere is the basis of the first void region. If an empty sphere 
overlaps with an already defined void by > 10%, then it is 
considered to be a subregion of the void, otherwise the sphere 
b ecomes the basis of a new void. 

IPan et al.1 dMll) did a minimum radius cut at 10 h 'Mpc 
for the void regions as they seek to find large-scale structure 
voids that are dynamically distinct and not small pockets of 
empty space created by a sparse sample of galaxies. Any 
field galaxies that lie within a void region are final void galax¬ 
ies. Deeper surveys may indicate that void galaxies have fine 
structures and can be classified into isolated galaxies and ten¬ 
dril galaxies (lAlpaslan et al.l 121)141) . These structures are at 
smaller scale, and are still considered as void galaxies in the 
large scale definition described here. 

With a well defin ed volume-limite d galaxy sample {Mr < 
-20.09, z < 0.107'). |Pan et alJ (120121) detect 1055 voids with 


radius greater than 10 h“'Mpc. These void regions in¬ 
clude 75,939 SDSS DR7 magnitude-limited void galaxies 
{z < 0.107, r < 11.11) and 7819 volume-limited void galaxies 
{Mr < -20.09, z < 0.107). The wall galaxy sample is built by 
removing all void galaxies from the parent SDSS DR7 Main 
Galaxy Sample at z < 0.107 and includes 263,488 magnitude- 
limited wall galaxies and 107,765 volume-limited wall galax¬ 
ies. Our wall galaxy sample includes galaxies both in fields 
and in clusters. 


2.2. Spectral Properties 

2.2.1. Emission Line Measurements and Spectral Classification 

We adopt methods described in iHao et all (120051) to mea¬ 
sure the emission lines of both the void galaxies and the 
wall galaxies. Eirst, we use the observed equivalent width 
of the Hq, line (in the rest frame) > 3 A as a criteria to select 
emission-line galaxies. We consider galaxies not satisfying 
this criteria as weak or non-emission-line galaxies. We ignore 
galaxies with weak emission lines for further analysis, since 
they often need careful stellar subtraction for accurate emis¬ 
sion line measurements and spectral classifications. 

Eor emission-line galaxies, we need to remove the stellar 
absorption from the spectra so that we can accurately measure 
the strengths of emission lines and classify the galaxies. This 
is done by fitting the non-emission-line regions of the spec¬ 
tra with a library of stellar spectra templates, which is con¬ 
structed by applying the principal component analysis (PCA) 
method to a sample of pure absorption-line galaxies. The 
Eigenspectra contain enough information on various absorp¬ 
tion features. Thus, they can be used as templates to simulate 
the stellar components of various galaxies with widely spread 
metallicities, ages, and velocity dispersions. After the stellar 
subtraction, main emission lines are measured via Gaussian 
fits. The Hq, and [N u] regions are fit with special care be¬ 
cause some galaxies may show broad Hq in addition to narrow 
emission lines. We fit the Hq and [N n] doublet with a four- 
Gaussian function model first: two for the two [N n] lines, one 
for the broad Hq component and one for the narrow Hq com¬ 
ponent. The two Hq Gaussian functions have the same cen¬ 
tral wavelength but different intensities and EWHMs. Then 
a three-Gaussian model is fit: two for the [N n] doublet and 
one for the narrow Hq emission. The final decision of which 
model (the three-Gaussian model or the four-Gaussian model) 
to use for a given galaxy is made by comparing the of the 
two model fits, xl and xl- 

We first classify type I AGNs from the emission-line galax¬ 
ies if the FWHM{Ha) is greater than 1200 km/s. If two Ha 
components are needed, the broad Ha is used in this criteria. 
This criteria is chosen because the distribution of the EWHMs 
of Ha emissions of all SDSS galaxies is stron gly bimodal, 
with a minimum at 1200 km/s (IHao et al.ll2005l) . For the rest 
narrow-line galaxies, we classify them as star-forming galax¬ 
ies, composites, AGNs, and ambiguous galaxies according to 
their posit ions on the “Baldwin Phillips & Terlevich” (BPT) 
diagrams (iBaldwin et al.l[T981b IVeilleux&_Osterbrock[ jj^ 

iKewlev et al.ll200l[ hereafter KeOl; iKauffmann et al.ll2003b , 

hereafter Ka03: IKewlev et af] 120061 hereafter Ke06; Figure 

The BPT diagrams use flux ratios such as [Oni]/H^, 
[NiiI/Hq, [S ii]/Hq, and [Oi]/Hq to identify ionization 
sources of galaxies. [O i] emission is usually much weaker 
than [N u] emission and [S u] emission. Thus, in this study we 
do not use the [O i] diagram for classifications. The dashed 
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Fig. 1.— D i agnos tic diagrams for void galaxies (up) and wall galaxies (down). Dashed and solid hyperbolic curves are based on lKauffmann et ^42Q03bh and 
IKewlev et alJ <20011) . Dotted hyperbolic curves are drawn by removing the KeOl line upward and downward by 0.1 dex, wh ich are used to estim ate the errors 
of AGN fractions. The dot-dot-dashed diagonal segments illustrate the separation between Seyferts and LINERs according to lKewlev et al.l <20061) . Cyan, blue, 
and brown isodensity contours show the distributions of stai-forming galaxies, Seyfert IIs, and composites, enclosing factors of n of the total number of objects 
in each class, where n=0.9, 0.6, 0.4, 0.2, and 0.1, starting from the outermost contour. LINER IIs are presented by green points. The overlays of red dots on each 
BPT diagram denote the positions of the line ratios of the narrow emissions of type I AGNs. 


hyperbolic curve in Figured] is the Ka03 semi-empirical sep¬ 
aration between star-forming galaxies and AGNs. The solid 
hyperbolic curves are the KeOl boundaries for theoretical star 
formation models. In the [N u] diagrams, star-forming galax¬ 
ies region is under the dashed curve, AGN region is the region 
above the solid hyperbolic curve, and composites locate in the 
region between the dashed line and the solid curve. In the 
[S ii] diagrams, the region below the solid hyperbolic curve is 


the star-forming galaxy region, while AGNs are above. 

A galaxy that falls in the AGN region in both the [N n] dia¬ 
gram and the [S u] diagram is classified as an AGN (blue con¬ 
tours and green dots). Galaxies that locate in the star-forming 
region in the two diagrams simultaneously are defined as star¬ 
forming galaxies (cyan). If a galaxy shows up in the compos¬ 
ite galaxy region in the [N n] diagram, then it is defined as a 
composite (brown) no matter where it is in the [S u] diagram. 
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There are some emission-line galaxies that are classified 
as one type of object in one diagram but another type in the 
other diagram. These multi-classified galaxies (for example, 
a galaxy may fall in the star-forming galaxy region in one di¬ 
agram, but shows up as an AGN in the other diagram) are 
named as “ambiguous” galaxies (Table|2l). 

We further classified AGNs, which are above the red solid 
curves in both the [N n] diagram and the [S u] diagram, into 
two groups. The dot-dot-dashed diagonal segments in the 
[S ii] diagrams in Figure [1] are the Ke06 criteria to distin¬ 
guish Seyferts and LINERs. AGNs that are above the diag¬ 
onal segment in the [S n] diagram are identified as Seyfert IIs 
(blue), while AGNs that are below this diagonal segment are 
LINER IIs (green). Some works argue that the SDSS spectra 
with LINER like line ratios may better be explained by post- 
AGB excitation (lE racleous et al.|[MT0: |Stasiiiska et alj|2008|: 

Sarzi etal^jgOlO yC^ FerMndes et al.l 201 U ICapetti & Baldil 

201 ll lYan & Blantonll2012h instead of AGNs. In this paper, 
all results are not affected by this debate and we include LIN¬ 
ERs as AGNs throughout this work for simplicity reasons. 

2.2.2. Derived Properties 

We corrected the emission-line l uminosities fo r extin ction 
using the Balmer decrement and the lCardelli et al.l (119891) red¬ 
dening curve. We assume an Rv = Av/E(B-V) = 3.1 and 
an intrinsic Ha/H/3 ratio of 2.87 for galaxies dominated by 
star formation and Hct/H^ = 3.1 for AGNs and composites 
(lOsterbrock & Eerlandll200^ . Eor minor sources (< 1.8%) 
with the [Ha/Hj3]obs less than the intrinsic value due to un¬ 
certainties in the emission-line measurement pipeline, we as¬ 
sign them an upper limit of E(B-V) = 0.001, which is the 
minimum E(B-V) of galaxies in our sample with reasonable 
[Ha/HPUs- 

The absolute r-band magnitude are taken from Korea In¬ 
stitute for Adv anced Study Val ue-Added Galaxy Catalog 
(KIAS-VAGC) (IChoi et aljl2^ . They basically adopted 
the absolute ma gnitude in NYU Valu e-Added Galaxy Catalog 
(NYU-V AGCf dBl anton et ^l2005h . K-corrections are done 
following lSchlegel et al.l (Il998lk 

Eor spectral properties such as stellar masses, the 4000 A 
break (D4000), and star formation rates, we adopt the mea¬ 
surements of the Max-Planck for Astronomy - John Hopkins 
University (MPA/JHU) value-added gala xy catalog. Stellar 
masses were derived bv ISalim et alJ (l2007h using Monte Carlo 
stellar populatio n synthesis. They b uilt th eir stellar library 
with the code of iBruzual & Charlotl (120031) . In their library, 
they stored a mass-to-light ratio and a photometry in each in¬ 
dividual star formation history. Then they weigh each history 
by fitting the observed photometry with the photometric data 
in the library. As a result, they can derive the mass-to-light 
ratio for each galaxy. The model fits provide powerful con¬ 
straints on the star formation history and metallicity of each 
galaxy, thus providing a more reliable indicator of mass than 
assuming a simple M/L. 

The 4000 A break (D4000) is an indicator of the age of 
the stellar population. The MPA/JHU collaboration measured 
the 40 00 A breaks according to the definition of iBalogh et alJ 
(Il999h as the ratio of the average flux density /v in the bands 
of 4000-4100 and 3850-3950 A (iKauffmann et al.ll2003a^ . 

The specifi c star formation r ates (s SFR) are measured 
according to iBrinchm ann et al. l (120041), w ith the aperture 
corrections following ISalim et alJ (1200^ . In particular 
the fits to star-forming galaxies are carried out using the 
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Fig. 2.— Distributions of r-band absolute magnitude (Mr) for void galaxies 
(red) and wall galaxies (blue). 


TABLE 1 
Samples 


sample 

Mr 

r(Petrosian) 

redshift 

magnitude-limited sample 

- 

r< 17.77 

z< 0.107 

volume-limited sample 

Mr < -20.09 

- 

z< 0.107 

faint sample 

Mr > -20.09 

r< 17.77 

j< 0.107 


ICharlot & Longhe'ttil (1200 Ih model. Eor each galaxy, they fit 
the observed spectra with single stellar populations (ssp) in 
the library and used the weight and sSFR of each ssp to esti¬ 
mate the total sSFR. For non-star-forming galaxies, they esti¬ 
mated the sSFRs from the values of D4000 after constructing 
the likelihood distribution of the sSFR as a function of D4000 
using the star-forming galaxy sample. 

3. RESULTS 

Eigure |2] shows the r-band absolute magnitude (Mr) distri¬ 
butions for galaxies in voids (red) and in walls (blue). We 
can see an obvious drop for the number of objects brighter 
than Mr ^ -20.1 in the void sample. This is mainly due to a 
selection effect. 

When generating the void galaxy catalog, iPan et all (1201 2h 
first constructed the cosmic web by mapping a volume-limited 
galaxy sample with galaxies of Mr < -20.09, z < 0.107. A 
volume-limited sample is needed in this exercise because it 
eliminates any bias in the galaxy number density. However, 
this can create a systematic bias for the magnitude-limited 
void galaxy sample: brighter galaxies with Mr < -20.09 tend 
to be identified as wall galaxies when they are on the bound¬ 
ary, since they are the ones that define the cosmic web. Painter 
galaxies with Mr > -20.09 do not have this tendency. This 
bias causes the drop at Mr ^ -20.09 in the r-band absolute 
magnitude distribution of the magnitude limited sample (Pig- 
ure|2|. Eigure [3] shows that when we separate the magnitude- 
limited sample into a "bright" {Mr < -20.09) sample and a 
"faint" {Mr > -20.09) sample (Table[Tli and only do statistics 
separately to these two subsamples, we can remove this selec¬ 
tion effect from our analysis. Thus, in the following analysis 
we always consider the two subsamples separately. 

3.1. Object Statistics 
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TABLE2 

Object Sample Statistics 


(a) magnitude limited sample 

in voids 

in walls 


N 

E(%) 

N 

E(%) 

type I 

631 

0.83 

3153 

1.20 

Seyfert It 

1328 

1.74 

5529 

2.10 

AGN wit)iout LINER II 

(the sum of the above two rows) 

1959 

2.58 

8682 

3.30 

LINER II 

433 

0.57 

2349 

0.89 

AGN 

2392 

a 1 c-bl.60 
-0.73 

11031 

4 10+1-81 
^•^^-0.84 

(the sum of the above two rows) 





composite 

6243 

8.22 

22548 

8.56 

star-forming 

37764 

49.73 

81807 

31.05 

ambiguous 

3608 

4.75 

5580 

2.12 

emission 

50007 

65.85 

120966 

45.91 

(the sum of the above four rows) 





no emission 

25932 

34.15 

142522 

54.09 

total 

75939 

100.00 

263488 

100.00 

(the sum of the above two rows) 






(b) volume limited sample 

in voids 

in walls 


N 

E(%) 

N 

E(%) 

type I 

174 

2.23 

2157 

2.00 

Seyfert II 

258 

3.30 

3040 

2.82 

AGN witliout LINER II 

432 

5.53 

5197 

4.82 

(the sum of the above two rows) 





LINER II 

101 

1.29 

1444 

1.34 

AGN 

533 

6.82!?:§^ 

6641 

«-^u_0.98 

(the sum of the above two rows) 





composite 

971 

12.42 

10728 

9.95 

star-forming 

1834 

23.46 

16575 

15.38 

ambiguous 

51 

0.65 

596 

0.55 

emission 

3389 

43.34 

34540 

32.05 

(the sum of the above four rows) 





no emission 

4430 

56.66 

73225 

67.95 

total 

7819 

100.00 

107765 

100.00 

(the sum of the above two rows) 






(c) faint sample 

in voids 

in walls 


N 

E(%) 

N 

E(%) 

type I 

457 

0.67 

996 

0.64 

Seyfert II 

1070 

1.57 

2489 

1.60 

AGN without LINER II 

(the sum of the above two rows) 

1527 

2.24 

3485 

2.24 

LINER II 

332 

0.48 

905 

0.58 

AGN 

1859 

9 79+1.49 
^•'•^-0.70 

4390 

9 o9-bl.50 

(the sum of the above two rows) 





composite 

5272 

7.74 

11820 

7.59 

star-forming 

35930 

52.75 

65232 

41.89 

ambiguous 

3557 

5.22 

4984 

3.20 

emission 

46618 

68.44 

86426 

55.50 

(the sum of the above four rows) 





no emission 

21502 

31.56 

69297 

44.50 

total 

68120 

100.00 

155723 

100.00 

(the sum of the above two rows) 






''totar = "'emission’’ + '‘no emission” 

"‘emission” = “AGN” + ""com posit e” + ""starforming” + ""ambiguous” 

‘"AGN” = ‘"AGN without LINER ir + "‘LINER 11” 

“AGN without LINER 11” = “type 1” + “Seyfert 11”. 

Errors of AGN fractions are estimated by removing the KeOl line upward and 
downward by 0.1 dex. 


We present the object statistics for void galaxies and their 
wall counterparts in Table |2l The percentages of strong emit¬ 
ters (EW(//q,) > 3 A) and their subclasses of galaxies (such 
as AGNs, star-forming galaxies, composites, and ambiguous 
galaxies) are the fractions of objects relative to the whole void 
and wall galaxy samples. We found that there is a significant 
partition difference between void galaxies and wall galaxies; 
emission-line galaxies is almost 30% more abundant in void 
regions than in walls for both the volume-limited sample and 
the faint sample. The higher occurrence rate of emission-line 
galaxies in less dense regions is mainly contributed by the 
high fraction of star-forming galaxies in voids. There are ~ 
30% more star-forming galaxies in voids than in walls. In Ta¬ 
ble |2] we also present the object statistics for the magnitude- 
li mited sample as a whole . The trends are similar. 

IConstantin et al.l (120081) also found that void galaxies have 
^ 30% more emission-line galaxies, and this is also mainly 
c ontributed by the number excess of star-forming galaxies. 

iRicciardelli et al.l (120141) studied the faint void galaxy cat¬ 
alog ( ^ 600 0 void galax i es, M r > -20.17, 0.01 < z < 0.12) 
generated bv iVarela et al.l (120121) from the SDSS DR7 sample. 
Galaxies are found naturally separated into two branches with 
different specific star formation rates in the star formation rate 
versus stellar mass diagram. They define star-forming galax¬ 
ies as the branch with higher specific star formation rates and 
the other branch as passive galaxies. With this definition, they 
also found that the star forming galaxy fraction in voids (0.92) 
is higher than that (0.85) in the control sample, even though 
they used a different definition of star-forming galaxies from 
our classification scheme. 

Objects of other spectral types show about equal frequen¬ 
cies in the underdense regions compared to the wall regions. 
Active black hole systems (type Is -)- Seyfert IIs + LINER IIs) 
are of similar abundances in voids versus in walls. In the 
volume-limited sample, the AGN fraction is ^ 6% both in 
voids and in walls, and in faint sample, the fraction is ^ 3% 
in both environments. Errors of AGN fractions listed in Table 
|2]are estimated by removing the KeOl line upward and down¬ 
ward by 0.1 dex. These errors can also serve as an approxi¬ 
mation for fractions of composites and star-forming galaxies. 
The fraction difference of AGNs in the two different environ¬ 
ments is smaller than 1% in all the three samples (Table [T]), 
which is well within the statistical errors shown in Table |2l 
The percentages of individual subclasses of AGNs do not di¬ 
verge significantly with the void galaxy sample and the wall 
galaxy sample. Whether LINER IIs are included as AGNs or 
not does not affect our result that the difference of AGN frac- 
tions in voids and in walls is minor. IConstantin et al.l (120081) 
also found that Seyfert IIs were equally represented in voids 
and walls. 

3.2. Spectral Properties of Void Galaxies 
3.2.1. Luminosities and Stellar Masses 

Eigure [3 illurstrates the r-band absolute magnitude distri¬ 
butions for the volume-limited sample and the faint sample. 
Eor both of the two samples, we see a small systematic faint 
shift (< 0.2 mag) from the wall galaxies to the void ones. 
There are some previous works that also found that galaxies 
in less dense regions are less luminous and less massive than 
their counterparts that live in denser regions (e.g..lHovle et al.l 

120051:l^uffmann et al.ll2004lGoldberg et alJl^OSh. 

We further study the luminosity distributions for individual 
spectral type of galaxies in voids and in walls in Eigure |4l 
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Fig. 3.— Distributions of r-band absolute magnitude {Mr) of void galaxies 
(red) and wall galaxies (blue) for the volume-limited sample (up) and for the 
faint sample (down). 


In both the volume-limited sample and the faint sample, the 
luminosity distributions of individual spectral type (AGNs, 
composites, and star-forming galaxies) of void galaxies and 
their wall counterparts are indistinguishable. The separations 
of the luminosity medians are small for all spectral types. This 
is confirmed by the k-s tests (Tabled. 

However, our result that each class of void galaxies are 
equally luminous compared to their wall counterpa rts dif¬ 
fers from what was shown in IConstantin et all (l2008h . They 
also studied the luminosities of detailed spectral types of void 
galaxies. They found that Seyfert IIs, LINER IIs, compos¬ 
ites, and star-forming galaxies in void regions are clearly less 
luminous than their wall counterparts by 0.5 mag. We 
think this difference is due to the selection bias we men- 
tioned at the beginning of Section [3] The void galaxies in 
IConstantin et al.l (120081) are selected w ith an earlier version 
of the voidfinder as iPan et al.l (l2012h . which can also suf¬ 
fer the selection bias; For the magnitude-limited sample , 
more luminous galaxies tend to be identified as wall galax¬ 
ies as t hey are the ones t hat de fine the cosmic web. Unfortu¬ 
nately, IConstantin et akl (120081) did their study only with the 
magnitude-limited sample due to the small sample size. If we 
consider only the our magnitude-limited sample in our analy- 


Fig. 4.— Distributions of r-band absolute magnitude {Mr) of each spectral 
type of galaxies for void galaxies (red) and their wall counterparts (blue). 
Dotted lines are median values of each sub sample, red for the void galaxies 
and blue for the wall galaxies. We divide the number counts of galaxies in 
walls by a factor of 10 for the volume-limited sample and by a factor of 5 for 
the faint sample for presentation purpose. Note: AGNs = type Is -i- Seyfert IIs 
-H LINER IIs. 

sis as did in IConstantin et all (120081) . we can also see that void 
galaxies are less luminous by ^ 0.5 mag ( Tabl e[3). 

The object statistics studied in Section ItTI tell us that the 
partition between the void galaxies and the wall galaxies are 
significantly different, with more star-forming galaxies (about 
30% difference) reside in the under dense universe. Figure |4] 
shows that the median luminosities of star-forming galaxies 
are smaller compared to other types of emission-line galaxies 
regardless of the large-scale environment, as confirmed by Ta¬ 
ble [3 This trend has b een found for line-emitting galaxies in 
fields dHo et al.lll99'7ah . When considering all spectral types 
together (Figure O, we do see that void galaxies are slightly 
less luminous than wall galaxies (< 0.2 mag). This minor lu¬ 
minosity difference is totally caused by the fact the abundance 
of star-forming galaxies in voids is considerably higher than 
that in walls. 

Figure |5] shows the stellar mass distributions for the 
volume-limited sample and the faint sample. Again, we can 
see that void galaxies are slightly less massive than wall 
galaxies. We also study the stellar mass distributions for indi- 
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Fig. 5.— Distributions of stellai' masses (M*) of void galaxies (red) and 
wall galaxies (blue) for the volume-limited sample (up) and for the faint sam¬ 
ple (down). 

vidual spectral type of galaxies in voids and in walls in Figure 
|6] as we did for the Mr study. Consistent with our results of 
the luminosities of individual types of void galaxies, the stel¬ 
lar masses of AGNs, composites, and star-forming galaxies 
in voids do not signihcantly diverge from their wall counter¬ 
parts. Again, the results are conhrmed by the k-s test (Table 

E). 

Consistent with what we found for the Mr distributions. Fig¬ 
ure |6] and Table E show us that star-forming galaxies are less 
massive than other types of galaxies. The over abundance of 
star-forming galaxies again results in that void galaxies, when 
considering all spectral types together (Figure E. slightly 
less massive than wall galaxies (< 0.1 dex). This minor stellar 
mass difference is totally caused by the higher occurence rate 
of star-forming galaxies in less dense regions. 

3.2.2. Stellar populations and Star Formation Rates 

We use the 4000 A break (D4000) as an indicator of the 
stellar population. The 4000 A break is created by absorp¬ 
tion lines located around the rest wavelength of 4000 A. The 
main contribution to the opacity comes from ionized metals. 
In hot stars, the elements are multiply ionized and the opacity 
decreases, so the 4000 A break will be small for young stel¬ 


Fig. 6.— Distributions of stellar masses (M*) for each spectral type of void 
galaxies (red) and their wall counterparts (blue) in the volume-limited sample 
(up) and in the faint sample (down). Dotted lines are median values of each 
sub sample, red for void galaxies and blue for wall galaxies.Note: AGNs = 
type Is + Seyfert IIs -l- LINER IIs. 

lar populations and large for old me tal rich galaxies. D4000 
increa ses monotonically with time (iKauffmann et al.ll2003aL 

HqqI. 

Specihc star formation rate (sSFR) is dehned as the star for¬ 
mation rate normalized by the stellar mass (sSFR = SFR/M*). 
By studying the specihc star formation rate difference be¬ 
tween void galaxies and wall galaxies, we may understand 
the void environmental effect on the stellar mass assembly di¬ 
rectly regardless the stellar masses. 

Figure |7] presents the D4000 distributions and sSFR distri¬ 
butions for void galaxies and the wall galaxies. We see that 
void galaxies are slightly younger and have higher specihc 
star formation rates than wa ll galaxies. This result agrees 
with several previous studies. [Roi as et all (120051) used various 
indicators to study the star formation rates of void galaxies 
and found that void galaxies are of higher star format ion rates 
than their wallcounter parts. iRicciardelli et alJ (120141) studied 
their 6000 faint void galaxies and found that void galaxies 
have higher specih c star formation rates than those in walls. 
iHovle et^ (1201 2h adopt the exact same void galaxy catalog 
as our work and studied their photometric properties. They 
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(a) volume-limited sample 
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Fig. 7.— 4000 A break (D4000) distributions and specific star formation 
rate (sSFR) distributions for both emission-line galaxies (solid) and non- 
emission-line galaxies (dashed) in voids (red) and in walls (blue) for the 
volume-limited sample and the faint sample. 
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Fig. 8.— 4000 A break (D4000) distributions for individual spectral type of 
galaxies in voids (red) and in walls (blue) for the volume-limited sample (up) 
and the faint sample (down). Note: AGNs = type Is + Seyfert IIs + LINER 
IIs. 


found that void galaxies are bluer than wall galaxies. We also 
note here that, similar with our results for stellar mass and 
luminosity analysis, the stellar population difference and star 
formation rate difference between void galaxies and the wall 
galaxies are very minor. 

We further study the distributions of D4000 and the specific 
star formation rates for detailed classifications in Figure[8]and 
|9]respectively. Each spectral type (type Is, Seyfert IIs, LINER 
IIs, composites, and star-forming galaxies) is of similar stellar 
populations and sSERs in voids and in the walls, confirmed by 
the k-s test in Tabled 

Star formations are more intensively taking place in star¬ 
forming galaxies, as can be seen in Eigure [8l star-forming 
galaxies are of more newly formed stars and younger stellar 
populations. The object statistics (Section lTTI) shows that the 
fraction of star-forming galaxies increases dramatically from 
wall regions to underdense regions. Therefore, when consid¬ 
ering AGNs, composites, and star-forming galaxies together, 
void emission-line galaxies are of younger stellar populations 
compared to emission-line galaxies in walls (Eigure [T]). The 
younger stellar population of emission-line galaxies in void 
regions is totally caused by the number excess of star-forming 
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(a) volume-limited sample 



log(SFR/Mj log(SFR/Mj 

(b) faint sample 


Fig. 9.— Specific star formation rate (sSFR) distributions for individual 
spectral type of galaxies in voids (red) and in walls (blue) for the volume- 
limited sample (up) and the faint sample (down). Note: AGNs = type Is + 
Seyfert IIs -H LINER IIs. 


galaxies in less dense regions (Section im Table|2l). 

The same thing goes with the sSFR study. The star for¬ 
mation rates of star-forming galaxies is higher than that of 
any other spectral type (Figure|9]and TableO. Thus, the low 
shift of star formation rates of void emission-line galaxies, 
when mixing AGNs, composites, and star-forming galaxies 
together as shown in Figure |7] is totally caused by the fact 
that star -form ing galaxies are more abundant in cosmic voids 
(Section im Table|2]). 

Our results on the sSFR of void galaxies agree with 
iRicciardelli et all (l2014h . They used the specific star forma¬ 
tion rate versus stellar mass diagram to separate star- forming 
galaxies from the rest of the galaxies (Section 13.1b . They 
found that there are more star-forming galaxies in void re¬ 
gions and void galaxies have higher sSFR. They also found 
that the average sSFR of their star-forming galaxies and quies¬ 
cent galaxies does not depend on the large-scale environment. 
This agrees with our results. 

We explored whether large scale structures drive a primary 
correlation between star formation rate/stellar population and 
the galaxy density by studying D4000 as a function of Mr and 
sSFR as a function of stellar mass in Figure [TOl Figure ITOl 
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Fig. 10.— Up: Mean values of the 4000 A break (D4000) as a function of 
Mr. Down: Mean values of sSFR as a function of M*. Errors are standard 
deviation of galaxies in each bin. Data points are presented only for bins that 
include at least two objects. 


shows us that at a fixed host brightness/stellar mass, there is 
no significant difference in stellar population and no signifi¬ 
cant difference in star formation rates between void galaxies 
and wall galaxies for all spectral types. This suggests that en¬ 
vironment does not drive the primary correlation between star 
formation rate/stellar population and galaxy density for each 
type of galaxy. The results that void galaxies, when consid¬ 
ering all spectral types together, have slightly younger stellar 
populations and higher specific star formation rates are purely 
resulted by the stellar mass difference between void galaxies 
and wall galaxies. 

3.3. Spectral Properties of Void AGNs 
3.3.1. AGN Fraction and AGN Luminosity 

Figure [T] and Tabl e |2| show that AGNs do exist in voids. 
This is also found by ICTonstantin et all (120081) . The statistical 
results for A GNs have been presented in the last paragraph of 
Section im] The abundance of AGNs in voids and walls are 
similar within the sample uncertainties. Whether LINER IIs 
are included as AGNs or not does not affect this result. 

We use the extinctio n-corrected [O m] luminosity (L[o ///]) 
(iHeckman et alJlTOOdft to explore the luminosities of AGNs. 
Figure [TT] shows the extinction-corrected L[o ///] distribution 
for each spectral class. Our AGNs are not very luminous, 
with [O III] luminosities ranging from 10 ® Lq to 10 ® Lq. We 
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Fig. 11.— Up: Distributions of [O III] luminosity of each spectral type 
of galaxies for volume-limited void galaxies (red) and their wall counterparts 
(blue). Dotted lines are median values of each sub sample, red for void galax¬ 
ies and blue for wal l galax ies. The luminosities are extinction corrected as 
discussed in Section [2.2.21 Bottom: Same plot with the upper panel, but for 
faint sample. Note: AGNs = type Is -i- Seyfert IIs -i- LINER IIs. 

can see that for all three AGN classes (type I, Seyfert II, and 
LINER II) and composites, there is no significant difference in 
I^[o ///] between void AGNs and wall AGNs. This is confirmed 
by the k-s test results (TableO. 

The stellar velocity dispersion can be used as 
an e st imate of the black hol e mass (iGebhardt et alJ 
2000t iF errarese & Merritti l2000t iTremaine et al.l 120021 
Korruendv & Hoi l2013h . Thus, the quantity is 

proportional to T = Lboi/LEdd- Figure [T2| indicates that the 
I^loin]/o't of AGNs also do not change significantly with 
large scale environments. 

3.3.2. Type I VJ. Type II 

The AGN unification model (lAntonuccil 1 9931) hypothesizes 
that both type Is and type IIs are intrinsically the same, seen 
from different inclinations. Type II AGNs are viewed edge- 
on, so the central accretion disc and the broad-line region are 
obscured by the dusty torus, while type I AGNs are viewed 
face-on. Thus, according to the unification scheme of AGNs, 
both types are expected in voids and in walls, and the num- 
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(a) volume-limited sample 
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Fig. 12.— Distributions of L[OIII]/a-* for void AGNs (red) and wall AGNs 
(blue) and mean values of log L[o ml/crt a function of Mr, for galaxies in 
voids (red) and for galaxies in walls (blue) for the volume-limited sample and 
the faint sample. The en'or bars represent the standard deviation of the mean. 
The stellar velocity dispersions (cr*) are i n km s~*. The luminosities are 
extinction corrected as discussed in Section [2.2.2l Data points are presented 
only for bins that include at least two objects. 

her ratio (fn) of type Is vs. type IIs should not depend on 
environment. 

Our study showed for the first time that type Is exist in 
void regions. Type I AGNs are identified as the emission¬ 
line galaxies with a FWHM of the Ha emission greater than 
1200 km/s. Figure [13] gives three examples of our void type 
I AGNs. Some show quasar-like spectra, while some show 
both broad and narrow Ha emissions. 

We study /12 based on the statistics shown in Table |2| This 
ratio does not change significantly from the underdense en¬ 
vironment to the more crowded environment. /12 are ap- 
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Fig. 14.— The fraction of emission-line galaxies that are identified as star¬ 
forming galaxies, Seyfert lls, or LINER IIs as a function of nearest neighbor 
distance in voids (red) and in walls (blue). The fraction of Seyfert lls and 
LINER IIs are multiplied by 10 for presentation purpose. 


4000 5000 6000 7000 8000 9000 

observed wavelength (A) 

Fig. 13.— Three examples of our void type I AGNs. Top two panels show 
two examples of quasar-like type I AGN spectra. The bottom panel is one 
example of type I AGNs with both broad Ha component and narrow Ha 
component. Dashed lines presents the positions of Ha, [O III], and Hp lines 
in the observed frame. 

proximately 0.4 in the magnitude-limited sample, 0.5 in the 
volume-limited sample, and 0.3 in the faint sample. It looks 
that the /12 depends weakly on large scale environments, 
which agrees with the unification model. 

Hosts of type Is and type IIs are similarly luminous and 
comparably massive (Figure|4]and Figure|6l). FigurefTTI shows 
us that type I AGNs are of higher bolometric luminosities than 
type IIs. This is seen in both void and wall regions. 

3.4. The Small Scale Environment: Nearest Neighbor 
Statistics 

In addition to the large-scale environment, which is probed 
by void and wall regions, in this section we would also like 
to investigate whether the small-scale environment affect the 
spectral properties of galaxies. 

We assess the local environment of galaxies by looking at 
the nearest neighbor distances of the galaxies in our sample. 
The nearest neighbor distance (nn) is determined by finding 
the distance to the nearest galaxy in the volume limited galaxy 
catalog (Mr < -20.09). By using the volume-limited galaxy 
catalog as the basis set of structure, we maintain the redshift 
fidelity of the sample. 

Figure [14] shows the fraction of emission-line galaxies in 
both the wall and void samples that are identified as star¬ 
forming galaxies, Seyfert IIs, or LINER IIs. The flatness of 
the distribution shows that at any given nearest neighbor dis¬ 
tance, there is no apparent change in the distribution of iden¬ 
tified galaxy types. This hints at the overall null effect of the 
small scale structure towards the distribution. What can be 
seen is the preference of emission line galaxies detected in 
voids to be star-forming galaxies, this is observed by the ver¬ 
tical separation of the two galaxy samples in the figures. 

Figure [ 15 ] shows the fraction of individual galaxy types that 
have nearest neighbors at the given distance. In each panel, a 
trend can be seen where the wall sample has higher percent¬ 
ages of galaxies with nearest neighbors that are closer com¬ 
pared to the void sample. The distribution is almost identical 
amongst all three galaxy types. The low number of galaxies 
in the Seyfert II and LINER II samples contribute to the non¬ 
smooth distribution seen, but the overall trend is similar. 

We also examine the possible effect of nearest neighbors 
on the galaxy type as a function of the absolute magnitude of 
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Fig. 15.— The cumulative fraction of individual galaxy types that have 
nearest neighbors at the give distance for void regions (red) and wall regions 
(blue). 



Fig. 16.— The nearest neighbor distance {dnn) as a function of r-band ab¬ 
solute magnitude for different spectral type of galaxies in voids (red) and in 
the walls (blue). 


the galaxy. The distribution of galaxy types as a function of 
absolute magnitude was previously discussed in section 3.2.1. 

We see in Eigure [T6| that the nearest neighbors of void 
galaxies are systematically further away than the wall coun¬ 
terparts equivalently in all three galaxy types discussed. There 
also appears to be an increase in the nearest neighbor distance 
as a function of r band absolute magnitude. 

4. DISCUSSIONS 

4.1. Environmental Ejfects On The Stellar Mass Assembly 
of Galaxies 

There are many previous works studying the relationship 
between galaxy properties and large scale environments. Peo¬ 
ple found that void galaxies are less massive, less luminous. 


bluer, of younger stellar popu 
formation rates, and later mon 

ations, have higher specific star 

phology types (e.g. 

Hoyle et al. 

2005 

; IGoldberg et all I200.5t 

Roias et all 12005; 

Hovle et al. 

2012 

). However, it was not clear how environments influence 


these properties of galaxies. It could be that the underdense 
universe make individual spectral type of galaxies, such as 
AGNs, composites, and star-forming galaxies different com¬ 
pared to their wall counterparts, or it could be that in void re¬ 
gions, individual spectral type of galaxies have similar prop- 
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erties with their wall counterparts, but the partition of void 
galaxies is different from that of wall galaxies, for example, 
void galaxies may have a higher fraction of one certain type of 
galaxies. Our study clearly demonstrate that it is the second 
case. 

In our study, for each individual spectral type, there is no 
significant difference in spectral properties (stellar mass, lu¬ 
minosity, stellar population, and star formation rate) between 
void galaxies and the wall galaxies (Figure IH |6l [H and |9| 
Table O. However, the partition of void galaxies and wall 
galaxies are significantly different. There are 30% more star¬ 
forming galaxies in void regions (Table|2]i. Since star-forming 
galaxies are less luminous, less massive, of younger stel¬ 
lar populations, and have higher specific star formation rates 
(Figure |4l|6][8] and|9l TableO, when considering all spectral 
types of galaxies together, void galaxies are slightly fainter, 
less massive, younger, and of higher star formation rates than 
field galaxies. 

Why would there be more star-forming galaxies in voids? 
In FigurJTOl we find that the relation between the spectral 
properties of galaxies and their stellar masses do not vary with 
galaxy density. This suggests that environment does not drive 
the primary correlation between star formation rate and stel¬ 
lar mass. A possible explanation for more star-forming galax¬ 
ies in voids co uld be that underden se environments have less 
massive halos (iBenson et al.l 1200^ . thus form less massive 
galaxies (section 3.2.1). According to the color magnitude 
diagram (iBell et al.l 1200411 of galaxies, less massive galaxies 
are more likely to locate in the blue cloud and be identified 
as star-forming galaxies. Therefore, star-forming galaxies are 
more abundant in void regions than in the fields, making the 
overall void galaxy spectral properties shift a little bit to the 
spectral properties of star-forming galaxies. In summary, we 
think that void environments have less massive halos, thus 
more galaxies with smaller stellar masses. Given a certain 
stellar mass, all other spectral properties of galaxies are sim¬ 
ilar for individual types of void galaxies and their wall coun¬ 
terparts. The void environmental effect is shifting the mass 
function of galaxies and halos to the lo w mass end slightly 
(iGoldberg et al.l2d05l : lHovle et al.l2d05h . resulting in the high 
fraction of star-forming galaxies in voids. 


4.2. Environmental Ejfects On The Growth of Black Holes 


Our study shows that there is no significant environmental 
effects on the growth of black holes in void regions. The frac¬ 
tions of AGNs in void regions and in wall regions are similar. 
Other AGN properties, such as accretion rates (estimated by 
L[0 in]) and Eddington ratios (estimat ed by L[0 m\/af), do 
not vary with galaxy densities (Section r3.3.1b . 

Major merger can also be a possible trigger of AGNs. Tidal 
torques excited during a gas rich merger can lead to rapid 
inflows of gas into the centers of galaxies and feed rapid 
black hole growth, as supported by several hydrodynamic 
nume ri cal simulations (lHer nauislill 989l: iBarnes & Hernauisd 
[T^ iDi Matteo et al.l 120051: iHopkins et al.l 1200^ 


Debuhr et alJ 1201 ih and obseryations (ISanders et alJ[l98^ 


We explo red t he small scale enyironment for yoid galaxies 
in Section [TH and found that all spectral types of yoid galax¬ 
ies are less clustered than their counterparts in walls Figure 
[T5]and[T6] indicating that yoid AGNs are less likely to be in- 
yolyed in major merger eyents than wall AGNs. The AGN 
fractions in our yoid galaxy sample and in our wall galaxy 
sample are comparable. Our AGNs are low luminosity AGNs 


with (L[o ///] 10® Lq) . Therefore, the major merger is un¬ 

likely to be the dominant triggering mechanism for our low 
luminosity AGNs. 

Thus, AGNs in our study should be mainly trig¬ 
gered by other mechanisms than major merger or large- 
scale enyironments. Secular eyolution is one possible 
mechanism. Galactic bars can also efficiently transport 
gas from the outer disk to the central kiloparsec scale 
(lAthanassoulal l2003t iJogeel l2006h by reducing angular mo¬ 
mentum, as de monstrated by a numbe r of numerical sim¬ 
ulations le.g.. ISh en & SellwoodI 120041 lAthanassou la et al.l 
l2005b iBournaud et al .1120051 : IHopkins & Ouataertl2010t) . eyen 


though there is still a discrepancy in obsery ational studies on 


whether or not bars trigger AGN activity (lArsenaultl 

1989t 

Knapen et alJ 120001: iLaine et alJ 120021: Moles et al. 

1995t 

McLeod & Riekel 1995: Mulchaev & Regan 

19971 Hoetal, 

1997bl iLaurikainen et all 120041 iHao et all 

20091: iLee et al. 

20T2). Since we did not explore morphologies for our galaxv 


sample, the secular eyolution can not be ruled out as a 
main trigger of AGN actiyity for our low luminosity AGNs 

{L[0 HI] 10^ Lq). 

4.3. Expected Results in Deeper Surveys 

It is suggested that yoid regions can contain more fainter 
galax i es in deeper surveys (Ivan de Weygaer t & yan KampenI 
Il993t iGottlober et al.l 120031: lAlpaslan et alJ l2014ll ' These 
fainter galaxies can form their structures. For example, 
lAlpaslan et akl (120141) studied the Galaxy And Mass Assem¬ 
bly survey (GAMA), which is 2-3 magnitudes fainter than 
the main SDSS survey. They found fine structures - ten¬ 
drils which is coherent thin chains of galaxies. The ten¬ 
dril st ructures on ave r age co ntain six galaxies and span 10 
Mpc. lAlpaslan et al.l (120141) furthe r found that 25% of the 
SDSS void galaxies from iPan et al.l (1201 2^ are isolated galax¬ 
ies, 64% form fine tendrils (the rest 11% are actually in fila- 
ments). If we co nsider the large-scale structures (for example, 
iPan et akl (120121) only consider regions larger than 10 Mpc as 
a void region), these tendril galaxies are typically still con¬ 
sidered as void galaxies. If a consistent definition of voids is 
kept, fainter surveys will find similar void galaxies as SDSS. 

For a deeper survey, we expect the overall luminosities for 
all of the wall galaxies and void galaxies to be slightly lower, 
since deeper surveys can detect fainter galaxies. However, we 
speculate that there is no significant difference in the lumi¬ 
nosities between the void and wall galaxies. As seen in Table 
121 the AGN fraction of the faint sample is lower than that of 
the volume limited sample. If we extend this trend, we may 
find that AGN fraction decreases as galaxies get less lumi¬ 
nous. Thus, in a deeper survey, the overall AGN fraction may 
be a little bit lower compared to what we presented in Section 
13.31 but the comparison of the AGN fraction between void 
and wall galaxies may still be similar. We do not yet have 
the data to check further if the spectral properties of the “iso¬ 
lated” galaxies and “tendril” galaxies are the same, we leave 
it for future investigations. 

5. CONCLUSIONS 

We have analyzed the object statistics, luminosities, stellar 
masses, stellar populations, specific star formation rates, and 
AGN properties of 75,939 void galaxies selected from SDSS 
DR7. We find that: 

(i) There are more emission-line galaxies in voids than in 
walls, with a percentage difference greater than 30%. The 
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high fraction of emission-line galaxies in void regions is 
accounted by the rich abundance of star-forming galaxies 
in voids: There are ^ 30% more star-forming galaxies in 
underdense regions compared to that in walls. The fractions 
of other types of galaxies, such as AGNs and composites, do 
not diverge too much from voids to walls. 


(ii) Void galaxies of individual spectral types, such as 
AGNs, composites, and star-forming galaxies, are similar in 
all kinds of spectral properties (luminosities, stellar masses, 
stellar populations, and specific star formation rates) com¬ 
pared to their wall counterparts. However, since void galaxies 
have ^ 30% more star-forming galaxies, and star-forming 
galaxies are less luminous, less massive, younger in stellar 
populations and higher in star formation rates than other 
types of galaxies (Figure ID |6] [H |9j Table [^l, void galaxies, 
when considering all types of galaxies together, show minor 
different properties: They are slightly less luminous, less 
massive, of younger stellar populations, and have higher 
specific star formation rates than wall galaxies. All the 
minor differences are totally caused by the high fraction of 
star-forming galaxies in void regions. 

(iii) We confirm that AGNs do exist in voids (Figure [T] 
Tabl^ (IConstantin et al.l [2008h . We also note that type I 
AGNs are for the first time found in void regions in this work. 
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AGNs in voids are similarily abundant as in walls (Table |2|. 
Our small scale study of environments of galaxies (Section 
13.41) shows that void AGNs are less clustered than their wall 
counterparts, thus less likely to be involved in galaxy-galaxy 
interactions. Therefore, major merger may not be the domi¬ 
nant triggering machanism of our optically selected AGNs. 
We note here that this conclusion should only be applied for 
AGNs with the luminosity range: 10^ Lq < L[o ///] < 10® L© 
that we probe in this paper. 


(iv) The intrinsic [O 111] luminosities, and the Eddington ra¬ 
tios of void AGNs are comparable to those of the wall AGNs 
(Figure [TT] [12] and Table [3|), implying that underdense envi¬ 
ronments do not affect the growth of black holes. 
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TABLE 3 
KS Test Results 


logM*/M 0 (dex) 

in voids 

in walls 

V-W^ 

D*’ 

PROB>= 

volume limited sample 

type I 

10.739 

10.783 

-0.044 

0.128 

4.62e-2 

Seyfert 

10.778 

10.816 

-0.038 

0.134 

1.39e-l 

LINER 

10.778 

10.840 

-0.062 

0.143 

7.40e-l 

AGN 

10.753 

10.799 

-0.046 

0.123 

3.55e-3 

composite 

10.679 

10.718 

-0.039 

0.100 

2.96e-8 

star forming 

10.438 

10.477 

-0.039 

0.068 

4.04e-7 

emission line galaxies 

10.569 

10.626 

-0.057 

0.093 

2.36e-23 

no emission 

10.769 

10.842 

-0.073 

0.134 

O.OOe-tO 

total 

10.697 

10.783 

-0.086 

0.145 

O.OOe-tO 

faint sample 

type I 

10.232 

10.328 

-0.096 

0.156 

1.27e-5 

Seyfert 

10.400 

10.407 

-0.007 

0.033 

9.03e-l 

LINER 

10.349 

10.422 

-0.073 

0.171 

6.17e-2 

AGN 

10.329 

10.376 

-0.047 

0.089 

1.67e-4 

composite 

10.298 

10.322 

-0.024 

0.049 

6.17e-8 

star forming 

9.700 

9.781 

-0.081 

0.065 

O.OOe-tO 

emission line galaxies 

9.757 

9.865 

-0.108 

0.076 

O.OOe-tO 

no emission 

10.295 

10.322 

0.027 

0.039 

1 . 68 e -22 

total 

9.957 

10.100 

-0.143 

0.102 

O.OOe-tO 


lgL [0 m]/L0 

in voids 

in walls 

V-W^ 

D*’ 

PROB‘D 

volume limited sample 

type I 

8.130 

8.240 

-0.109 

0.053 

7.39e-l 

Seyfert 

7.843 

7.766 

0.077 

0.090 

5.88e-l 

LINER 

7.755 

7.560 

0.195 

0.200 

3.25e-l 

AGN 

8.003 

7.984 

0.019 

0.035 

9.14e-l 

composite 

6.977 

7.036 

-0.059 

0.074 

9.71e-5 

star forming 

6.850 

6.858 

-0.008 

0.037 

2.36e-2 

emission line galaxies 

6.886 

6.930 

-0.043 

0.042 

2.06e-6 

faint sample 

type I 

7.757 

7.932 

-0.175 

0.118 

2.95e-4 

Seyfert 

7.445 

7.383 

0.062 

0.059 

2.56e-l 

LINER 

7.191 

7.293 

- 0.102 

0.153 

1.26e-l 

AGN 

7.513 

7.579 

-0.066 

0.066 

5.67e-3 

composite 

6.687 

6.733 

-0.046 

0.040 

1.72e-5 

star forming 

6.421 

6.463 

-0.042 

0.038 

5.39e-29 

emission line galaxies 

6.394 

6.445 

-0.051 

0.038 

1.74e-43 


D4000 

in voids 

in walls 

V-W^ 

D*’ 

PROB‘D 

volume limited sample 

type I 

1.454 

1.524 

-0.070 

0.156 

7.31e-3 

Seyfert 

1.620 

1.629 

-0.019 

0.101 

4.44e-l 

LINER 

1.577 

1.677 

- 0.100 

0.391 

1.92e-3 

AGN 

1.551 

1.592 

-0.041 

0.141 

4.92e-4 

composite 

1.476 

1.485 

-0.009 

0.034 

2.38e-l 

star forming 

1.301 

1.308 

-0.007 

0.039 

1.39e-2 

emission line galaxies 

1.373 

1.400 

-0.027 

0.067 

3.93e-12 

no emission 

1.806 

1.863 

-0.057 

0.143 

O.OOe-tO 

total 

1.591 

1.761 

-0.170 

0.162 

O.OOe-tO 

faint sample 

type I 

1.425 

1.484 

-0.059 

0.129 

5.99e-4 

Seyfert 

1.584 

1.585 

0.001 

0.039 

7.61e-l 

LINER 

1.590 

1.567 

0.023 

0.110 

4.70e-l 

AGN 

1.538 

1.555 

-0.017 

0.072 

3.77e-3 

composite 

1.456 

1.465 

-0.009 

0.034 

4.80e-4 

star forming 

1.243 

1.253 

- 0.010 

0.047 

O.OOe-tO 

emission line galaxies 

1.260 

1.277 

-0.017 

0.057 

O.OOe-tO 

no emission 

1.707 

1.748 

-0.041 

0.073 

O.OOe-tO 

total 

1.325 

1.405 

-0.080 

0.129 

O.OOe-tO 


Mr (mag) 

in voids 

in walls 

V-W^ 


PROB" 

magnitude limited sample 

type I 

-19.846 

-20.394 

0.548 

0.409 

O.OOe-tO 

Seyfert 

-19.665 

-20.074 

0.409 

0.338 

9.85e-40 

LINER 

-19.737 

-20.213 

0.476 

0.351 

L15e-9 

AGN 

-19.747 

-20.268 

0.521 

0.383 

O.OOe-tO 

composite 

-19.654 

-20.044 

0.390 

0.320 

O.OOe-tO 

star forming 

-19.094 

-19.416 

0.322 

0.160 

O.OOe-tO 

emission line galaxies 

-19.158 

-19.599 

0.441 

0.218 

O.OOe-tO 

no emission 

-19.678 

-20.113 

0.435 

0.343 

O.OOe-tO 

total 

-19.378 

-19.888 

0.510 

0.306 

O.OOe-tO 

volume limited sample 

type I 

-20.530 

-20.682 

0.152 

0.152 

L05e-3 

Seyfert 

-20.482 

-20.525 

0.043 

0.152 

6.77e-2 

LINER 

-20.497 

-20.637 

0.140 

0.161 

5.97e-l 

AGN 

-20.520 

-20.630 

0.110 

0.138 

L13e-4 

composite 

-20.430 

-20.501 

0.071 

0.093 

4.01e-7 

star forming 

-20.362 

-20.394 

0.032 

0.049 

7.84e-4 

emission line galaxies 

-20.405 

-20.464 

0.059 

0.074 

5.68e-15 

no emission 

-20.504 

-20.604 

0.100 

0.102 

1.74e-38 

total 

-20.459 

-20.556 

0.097 

0.101 

O.OOe-tO 

faint sample 

type I 

-19.615 

-19.673 

0.058 

0.123 

L30e-4 

Seyfert 

-19.552 

-19.590 

0.038 

0.064 

L72e-1 

LINER 

-19.530 

-19.636 

0.106 

0.163 

8.41e-2 

AGN 

-19.580 

-19.632 

0.052 

0.081 

3.17e-4 

composite 

-19.540 

-19.594 

0.054 

0.048 

8.77e-8 

star forming 

-19.037 

-19.177 

0.140 

0.067 

O.OOe-tO 

emission line galaxies 

-19.069 

-19.241 

0.172 

0.079 

O.OOe-tO 

no emission 

-19.558 

-19.555 

-0.003 

0.024 

L23e-8 

total 

-19.261 

-19.402 

0.141 

0.079 

O.OOe-tO 


sSFR 

in voids 

in walls 

V-W^ 


PROB" 

volume limited sample 

type I 

-10.259 

-10.486 

0.227 

0.188 

5.70e-4 

Seyfert 

-10.831 

- 10.886 

0.055 

0.111 

3.29e-l 

LINER 

-10.642 

-11.075 

0.433 

0.373 

3.52e-3 

AGN 

-10.530 

-10.718 

0.188 

0.141 

5.19e-4 

composite 

-10.321 

-10.356 

0.035 

0.041 

9.50e-2 

star forming 

-9.933 

-9.969 

0.036 

0.067 

6.48e-7 

emission line galaxies 

-10.085 

-10.162 

0.077 

0.081 

l.lOe-17 

no emission 

-11.547 

-11.730 

0.183 

0.127 

O.OOe-tO 

total 

-10.695 

-11.329 

0.634 

0.153 

O.OOe-tO 

faint sample 

type I 

-10.238 

-10.421 

0.183 

0.136 

2.35e-4 

Seyfert 

-10.834 

- 10.868 

0.034 

0.052 

3.96e-l 

LINER 

-10.849 

-10.778 

-0.071 

0.096 

6.50e-l 

AGN 

- 10.686 

-10.741 

0.055 

0.072 

3.88e-3 

composite 

-10.376 

-10.404 

0.028 

0.040 

L37e-5 

star forming 

-9.836 

-9.872 

0.036 

0.053 

O.OOe-tO 

emission line galaxies 

-9.884 

-9.937 

0.053 

0.061 

O.OOe-tO 

no emission 

-11.256 

-11.367 

0.111 

0.073 

O.OOe-tO 

total 

-10.077 

-10.333 

0.136 

0.136 

O.OOe-tO 


Median values of My, logM*/M 0 , D4000, sSFR, and lgL[0 IIIJ/L© and 
the Kolmogorov-Smirnov test results between void galaxies and wall galax¬ 
ies. 

^Medians of the void galaxy sample minus medians of the wall galaxy sam¬ 
ple 

*^Floating scalar giving the Kolmogorov-Smirnov statistic. It specifies the 
maximum deviation between the cumulative distribution of the data and the 
supplied function. 

‘^Floating scalar between 0 and 1, giving the significance level of the K- 
S statistic. Small values of PROBs corespond to more significant Ds (dis¬ 
tances). 



